This study aimed to analyze the ecotoxicity of nitrogen-, phosphorus-, and potassium-based compounds to organisms of two different trophic levels in order to compare the toxic effect between high-purity substances and these substances as components of fertilizers. Dilutions were made with the fertilizers' potassium chloride, potassium nitrate, superphosphate, urea, and their equivalent reagents, to conduct assays to establish the acute lethal concentration for half of the population (LC50). Ten individuals of the benthic snail Biomphalaria glabrata and the fish Danio rerio were exposed to each concentration of tested compounds. As a result, the toxicity levels of potassium chloride, potassium nitrate, and urea were obtained for B. glabrata and D. rerio, with the fish being more susceptible to potassium chloride in the fertilizer and the snail to potassium nitrate and urea, in both commercial and reagent forms. Regarding superphosphate, no significant toxicity was found. This study concluded that among the tested substances, KNO 3 and KCl were the most toxic substances and urea the least toxic. It was not possible to establish the most sensitive species since, for KCl, the fish were more susceptible to the fertilizer and the snail to the reagent, while for KNO 3 the opposite was observed.
Introduction
Within the agricultural production chain, nitrogen (N), potassium (K), and phosphorus (P) are of great importance for the practice of agriculture. In the production process it is difficult for the farmer to obtain a high yield without using at least phosphate-, nitrogen-, and potassium-based fertilizers. According to the International Fertilizer Industry Association [1] , on average 104,252 million tons of nitrogen, 40,522 million tons of phosphate, and 27,435 million tons of potassium are used each season worldwide.
Nitrogen, when in aqueous medium, is converted into ammonia, nitrite, and nitrate in a three-step process [2] . It is known that of these three ions, ammonia is the most toxic to aquatic organisms [3] , but these compounds often exist at low concentrations in aquatic ecosystems because they are the main source of nitrogen for primary producers [4] . The ecological imbalances and the risks for human
Materials and Methods
The species used in this study were the benthic snail (Biomphalaria glabrata) and the zebrafish (Danio rerio), involving species from two different trophic levels, the first one being a mollusk and the second a fish. Both are freshwater organisms, aiming to cover organisms with distinct biological characteristics and habits, since the snail is a benthic organism and the fish is pelagic. Many studies have already been carried out with planktonic organisms, but few with benthic organisms and, thus, the need to evaluate a model of this trophic level. Fish were included because they are key organisms in aquatic environments, and to be able to obtain a comparative susceptibility with the snails.
The main fertilizers used in the Brazilian Cerrado (high savanna) were used for the study, namely potassium chloride (KCl), potassium nitrate (KNO 3 ), single superphosphate (Ca(H 2 PO 4 ) 2 + CaSO 4 ), and urea (CO(NH 2 ) 2 ). From this choice, dilutions were made of the respective commercial fertilizers (CF), and their equivalent chemical reagents (CR) were used as active ingredients, namely, potassium chloride, J.T. Baker ® (purity 99.8%) (J.T. Baker ® , Xalostoc, Mexico), potassium nitrate, Impex ® (purity 99%) (Impex, RS, Brazil), urea, Merck ® (purity 100%) (Merck ® , Darmstadt, Germany) and potassium phosphate monobasic, Merck ® (purity 99.5%) (Merck ® , Darmstadt, Germany); the latter was used for comparison with superphosphate.
The dilution concentrations ranged from 75 to 3000 mg·L −1 for the CR and 100 to 3000 mg·L −1 for the CF. For urea, which is known to trigger mortality at higher concentrations, dilutions ranged from 1000-40,000 mg·L −1 for the CR and 10,000-40,000 mg·L −1 for the CF. All of these concentrations were defined based on preliminary tests. The concentrations used in the definitive tests were variable for each CR, being obtained from preliminary tests with about three well-spaced dilutions.
After dilutions, acute assays in laboratory with the chosen organisms were performed to establish the lethal concentration for 50% of the studied population (LC50). The acute test method for snails was proposed by Oliveira-Filho et al. [20] , and for fish the protocol used was standardized by guideline NBR 15088 of the Brazilian Association for Technical Standardization [21] . For all organisms, LC50s and their respective 95% confidence intervals were determined by the Trimmed Spearman Karber program [22] version 1.5.
In tests with snails the static exposure system was used, and the solutions were prepared only at the beginning of the test, without renewal until the end of exposure. For urea, in particular, and for all tests with fish, the semi-static methodology was used, where solutions were renewed daily to avoid losses by volatilization and degradation, as recommended by guideline EPA 821-R-02-012 [23] . During the test, pH and dissolved oxygen were checked daily with the intention of identifying possible abrupt changes in those parameters during the exposure period.
Before each test, solutions were placed in 2 L beakers for the snails and 3 L for the fish and stirred for 24 h in an orbital shaker. After that, 10 organisms were inserted into each concentration, with the presence of a control group, and the mortality of individuals after 48 and 96 h of exposure was assessed.
The preparation of the dilution water (reconstituted soft water) for all of the tests followed the standardized protocols under guideline NBR 15088 [21] , which involved dissolving 48 mg of sodium bicarbonate (NaHCO 3 ), 30 mg of calcium sulfate (CaSO 4 ), 30 mg of magnesium sulfate (MgSO 4 ), and 2 mg of magnesium sulfate (KCl) in 1 L of distilled water. The pH of the dilution water was maintained at 7.2 ± 0.1 and hardness between 40-48 mg·L −1 as CaCO 3 .
All applicable international, national, and institutional guidelines for the care and use of animals were followed. All tests with Danio rerio were approved by the Animal Use Commission from the Brasília University Centre-UniCEUB-(file number 003/15), on 19 March 2015.
To ensure the concentrations of the diluted chemicals in the assays, and to define the effective concentrations to be used in the calculation of the LC50, ion chromatography analysis of each sample was performed before and after the assays, including the water destined for the control. Presence of the major component ions ammonium (NH 4 + ), potassium (K + ), chlorine (Cl − ), nitrate (NO 3 − ), and phosphate (PO 4 3− ) was analyzed.
The equipment used for this purpose was the Ionic Chromatograph 761 Compact IC, Metrohm. Ion chromatography is a chromatographic technique that applies the principles of ion exchange, so that electrical conductivity is used for the detection and quantitative determination of ions in solution [24] .
To guarantee quality assurance and quality control of determinations, calibration standards were prepared each day of analysis, using Merck ® (Darmstadt, Germany) reagents. Blanks, duplicates, and spiked samples were also used. Calibration coefficients had to maintain at least three nines before proceeding with samples (r = 0.999).
To ascertain if there were any significant differences in nutrient concentrations before and after each test, samples were analyzed before and after the exposure time, and the results obtained from ion chromatography were subjected to statistical analysis. We performed the Shapiro-Wilk normality test with significance level of 5% ("shapiro.test" function) to define the statistical test to be used. For data with normal distribution, we performed the paired t-test ("t.test" function), while for those that did not obtain normal distribution we performed the Wilcoxon-Mann-Whitney test ("wilcox.test" function).
These statistical procedures were performed with the R software package, 2.15.3 version [25] and had the intention of examining only if there was a significant change in the analyzed nutrient concentrations during the exposure period.
Results
In all tests the analysis of ion chromatography showed, as expected, the presence of chloride (Cl − ) and potassium (K + ) in samples destined for the control group and in the dilution water at concentrations of 0.649 mg·L −1 for Cl − and 2.079 mg·L −1 for K + , as is expected for the use of KCl in the preparation of the dilution water.
The urea concentrations employed in the experiments had a high variation in chromatographic analyses, a very dynamic degradation when diluted, so when analyzed at some concentrations, the substance already showed a stage that could not be detected.
The Shapiro-Wilk normality test did not show normal distribution for the magnesium variable in KCl dilutions. For the KNO 3 dilutions, the normality test did not show normal distribution either for the potassium or the nitrate. In both cases the sample size was 10. For urea dilutions, the normality test revealed a normal distribution for all of the variables. Finally, for potassium phosphate monobasic and superphosphate, the normality test also showed a normal distribution for all of the variables.
However, neither the T test nor the Wilcoxon-Mann-Whitney test (for the variable not normally distributed) showed a significant difference between the initial dilution and the final one. As the statistical test showed no significant difference between the chemical analysis performed before and after the tests, in all subsequent tables only the results of analysis before the tests are shown, aiming for a better presentation of the data (Tables 1 and 2 ). After the end of all assays it was possible to determine which was the most toxic substance and which organism was most sensitive to the tested fertilizer within 96 h of exposure ( Figure 1 ). After the end of all assays it was possible to determine which was the most toxic substance and which organism was most sensitive to the tested fertilizer within 96 h of exposure ( Figure 1 ). In the experiments involving the species B. glabrata and the calculated LC50 above, it is possible to see the difference in toxicity of the CR compared with that of the CF in all tested substances. The CR was more toxic than the CF in practically all cases, except for KNO3, where the opposite was observed. For D. rerio, only KNO3 showed a statistical difference in the toxicity of the CR in relation to the CF. No other compound showed a difference because of the confidence interval limits.
From chemical analysis we performed the calculation of toxicity from each of the substances, which can be seen in the tables below. In the experiments involving the species B. glabrata and the calculated LC50 above, it is possible to see the difference in toxicity of the CR compared with that of the CF in all tested substances. The CR was more toxic than the CF in practically all cases, except for KNO 3 , where the opposite was observed. For D. rerio, only KNO 3 showed a statistical difference in the toxicity of the CR in relation to the CF. No other compound showed a difference because of the confidence interval limits.
From chemical analysis we performed the calculation of toxicity from each of the substances, which can be seen in the tables below. Table 3 shows that potassium toxicity was affected by the presence of other elements in the tested dilutions, since the potassium toxicity varied individually in function of the substance tested and the exposed organism. It was shown that K + in KH 2 PO 4 was more toxic than K + in KCl and KNO 3 (and there was no significant difference between them) for B. glabrata. However, for D. rerio, K + in KCl was more toxic than the one in KNO 3 and KH 2 PO 4 (and there were no significant differences between them). Table 4 , in turn, shows that nitrogen toxicity can be maximized because of its dissociation in water, since the compound as NH 4 + was showed to be more toxic than its form as NO 3 − . Moreover, the greater toxicity of N for B. glabrata can be associated with a higher intolerance of the species to the compound in relation to time, since the values at 96 h diverge from the others. When analyzing ammonium toxicity to the snail, low LC50 values were observed, reaching close to zero for the CR. This shows great sensitivity of the species to nitrogen in NH 4 + form. When the toxicity of ammonium in the urea compound for the fish is analyzed, it is noted that this has already raised mortality in very small concentrations, with LC50 under 20 mg·L −1 being observed for all organisms. It is also possible to see more NH 4 + toxicity contained in the CR for B. glabrata in 48 h of exposure, but with no difference between both species when only results at 96 h are evaluated due to the large confidence interval. For the phosphate anion, Table 5 showed that the toxicity was only compared between species, with B. glabrata being shown to be more sensitive to this element than D. rerio. These results, together with those obtained with K + as the donor source for the substance, showed that this ion is more responsible for the toxicity found for the fish than the PO 4 3− for potassium phosphate monobasic substance. 
Discussion
When the toxicity data found for snails and for fish were compared, there was greater sensitivity of fish than snails to the CF KCl, unlike what was found for the CR.
However, when the toxicity found for KCl was compared with other species (Table 6) , it was noted that in relation to the CR (Figure 1 ) no difference was found in KCl toxicity in similar tests at 48 h. When compared with those obtained for KCl in CF (Figure 1) , B. glabrata stands out from the others as the second-most resistant, behind only the insect C. triangulifer. [28] The toxicity data obtained for KNO 3 showed higher sensitivity to the substance from B. glabrata than D. rerio, both for the CR and for the CF (Figure 1 ), but the snail also showed higher sensitivity to the CF, while the fish showed higher sensitivity to the CR. The results of the toxicity tests for KNO 3 in this study showed less resistance among the organisms used than for others in the literature (Table 7) . When results were compared both with the CR and with the CF KNO 3 , all results showed the snail to be the second-most sensitive of all compared species, after the cladoceran. However, when the test results obtained with CF urea were compared, it was not possible to detect which species was more sensitive to fertilizer because of the confidence interval limits of 48 h of exposure. However, with the 96-h results, the snail was more sensitive than the zebrafish to the CF.
The data of this study compared with similar ones in the literature show that urea is also toxic to other species only at high concentrations (Table 8 ). [34] All results presented in these studies, when compared with the results for the organisms used in the present study (Figure 1 ), indicate that B. glabrata is the most sensitive to urea as a reagent. However, if only the CF is analyzed, the species C. catla appears to be the most sensitive, followed by R. sylvatica, B. glabrata, and D. rerio together.
The higher sensitivity of B. glabrata to urea can be explained by the fact that this substance has a molluscicidal effect [35] , but although urea has this effect on snails, B. glabrata was more sensitive than the freshwater snails used by Tchounwou et al. [31] . This may be related to the type of bioassay that was used, because in this study there was daily renewal of test solutions, and in the work of these authors the exposure methodology was not explained.
From the results in Table 9 it could be seen that the snail was the most sensitive species for the superphosphate at 96 h exposure, but in the 48-h test it was not possible to define which species is most sensitive to fertilizer. The most susceptible species to KH 2 PO 4 was also B. glabrata based on data found in Figure 1 .
The results found in the literature for KH 2 PO 4 show greater resistance of zebrafish over other species. In a study involving the zebra mussel (Dreissena polymorpha) (LC50 = 92 mg·L −1 ) and the Asian clam (Corbicula fluminea), Fisher et al. [17] found very different toxicity values for these closely related organisms, making it impossible to find mortality for the species C. fluminea in concentrations up to 2000 mg·L −1 of KH 2 PO 4 in 24 h. In addition to this author, Reish [36] , working with the tolerance of polychaete Nereis grubei, Neanthes arenaceodentata, Dorvillea articulate, and Capitella capitata to the substance KH 2 PO 4 , obtained mean values of tolerance equal to 0.920 mg·L −1 , 1.900 mg·L −1 , 2.100 mg·L −1 , and 2.400 mg·L −1 , respectively, for the test-species.
For CF, the toxicity observed for snails only at a concentration of 3000 mg·L −1 superphosphate can be explained from the moment that Vieira and Ramos [37] report that when the calcium concentration in water is above 120 mg·L −1 , phosphate fertilizers tend to precipitate. Therefore, it is possible to assume that the presence of calcium in the dilution water, plus calcium present in high concentrations of superphosphate promoted, the precipitation of phosphate in water. Since B. glabrata has a benthic habit, its mortality may be because of the decantation of the substance. Moreover, even if the presence of calcium in water is beneficial for the formation of the snail shell, B. glabrata can only tolerate concentrations of up to 120 mg·L −1 calcium [38] . In a study which also aimed to observe phosphate toxicity to aquatic organisms of three different trophic levels (fish, algae, and cladocerans), involving the compounds tricalcium phosphate (Ca 3 (PO 4 ) 2 ) and calcium hydrogenorthophosphate (CaHPO 4 ), Kim et al. [18] could not specifically stipulate phosphate toxicity to the organisms tested, because the low solubility of the phosphate prevents assays from being performed in concentrations above 100 mg·L −1 . Both in our study and in the research of Kim et al. [18] it can be seen that there is a difficulty in determining phosphate toxicity to aquatic organisms due to the low solubility of this compound and its tendency to precipitate in the presence of calcium.
From the data found for the snail and those listed in Table 9 , it is possible to estimate that the toxicity to the fish should be above 4000 mg·L −1 superphosphate, since Omoregie et al. [39] working with Nile tilapia (Oreochromis niloticus) found a similar value.
The toxicological data of the individual elements in the tests with the CR (Table 3) showed that B. glabrata tends to be more resistant to potassium separately. Indeed, the Brazilian Ministry of Health publication on the control of mollusks [42] shows that this species is resistant to concentrations between 0.1 to 54.5 mg·L −1 of potassium, and in this study all of the calculated LC50s for B. glabrata, and their confidence interval limits, were above this value.
When comparing the toxicity values obtained in this study and listed in Table 3 with others in the literature, the tested snails showed greater LC50 for potassium in the 48-h test than in that performed by Freitas and Rocha [43] with the cladoceran Pseudosida ramosa (LC50 = 17.7 mg·L −1 ). However, all of these results were lower than D. rerio for KCl, KNO 3 , and KH 2 PO 4 , and the results obtained by Vijayavel and Balasubramanian [44] for the Mozambique tilapia (Oreochromis mossambicus) in the 96-h test (LC50 = 569.25 mg·L −1 ). This showed that in a potassium tolerance range, P. ramosa was the most sensitive, followed by B. glabrata, and the most resistant were the fish D. rerio and O. mossambicus.
For nitrogen, different forms of this had different toxicity values for the species, with nitrogen in the form of ammonia (NH 3 ) or ammonium (NH 4 + ) being generally more toxic than nitrogen in nitrate form (NO 3 − ) [3, 45, 46] . B. glabrata and D. rerio were demonstrated to be more sensitive than other species to NO 3 -ions when comparing the data contained in Table 4 with tests performed with sodium nitrate (NaNO 3 ) in other organisms. As an example, we can mention the test performed by Alonso and Camargo [45] with the aquatic snail Potamopyrgus antipodarum, which had LC50 equal to 1042 mg·L −1 , while the test conducted by Hamlin [46] with the Siberian sturgeon (Acipenser baerii) had toxicity equal to 1028 mg·L −1 ; all of these tests took place after 96 h of exposure. (Table 4) showed higher sensitivity of B. glabrata in relation to the others. The snail P. antipodarum in Alonso and Camargo's test [45] was the second most vulnerable species, with LC50 equal to 2.23 mg·L −1 , followed by pacú fish (P. mesopotamicus) with LC50 equal to 3.98 mg·L −1 [15] , D. rerio and guppy (P. reticulata), with a toxicity value equal to 93.9 mg·L −1 [30] , the latter being the most resistant species to NH 4 + if only the 48-h results are analyzed. Examining the 96-h data, due to the large confidence interval that B. glabrata showed, it was not possible to see any difference between this organism and the other, leaving only P. reticulata as the most resistant (LC50 equal to 91.2 mg·L −1 ). The higher survival of fish for ammonia in relation to other species may be due to the fact that these organisms are more susceptible to the un-ionized form of ammonia (NH 3 ) than its ionized form, or ammonium form (NH 4 + ), since fish membranes are more permeable to NH 3 than to NH 4 + [13, 14] .
This fact becomes clear when studies that aimed to compare the toxicity of NH 3 with NH 4 + in fish are analyzed. The calculated lethal concentrations for NH 3 within the first 24 h of exposure ranged from 0.023 to 0.85 mg·L −1 in function of exposed fish species [14, 15] . The extreme vulnerability of B. glabrata to ammonium in urea was not expected, since it is known that this species can survive in concentrations from 0.1 to 2.6 mg·L −1 NH 3 [42] , and when other snail species are exposed to ammonium sources derived from CR (as ammonium sulfate) and CF (as urea), they did not obtain the same mortality as the species in our study. Toxicity values ranging from 490.79 to 700.73 mg·L −1 were reported for ammonium sulfate [31] and from 48.86 to 54.86 mg·L −1 for urea [32] .
Due to the lack of studies addressing phosphate toxicity in the available literature, the use of Ecotox database [41] and Pesticide Info database [40] was required to find LC50 values to have a criterion for comparing our study with others. The search criteria were the substances H 3 PO 4 , Na 2 HPO 4 , NaH 2 PO 4 , CaHPO 4 , Ca(H 2 PO 4 ) 2 , and Ca 3 (PO 4 ) 2 for being phosphate sources when diluted; only tests that covered the period of 48 and 96 h of exposure were sought.
The toxicity data for PO 4 3- showed that there is some difficulty in defining the toxicity of this ion to aquatic organisms, and probably its interaction with other compounds can interfere in its toxicity, as highlighted by Fisher et al. [17] . Kim et al. [18] could not define the toxicity of PO 4 3− for the amphidromous fish Oryzias latipes and the cladoceran D. magna, using the compounds CaHPO 4 and Ca 3 (PO 4 ) 2 as phosphate source, but when it interacts with sodium, the phosphate appears to be less toxic than other variations, since toxicity values were found equal to 3580 mg·L −1 for D. magna and 720 mg·L −1 for the mosquito-fish fry (Gambusia affinis) in 48-h assays. The most toxic form of the phosphate appears to be phosphoric acid (H 3 PO 4 ), with toxicity values equal to 60 mg·L −1 and 87 mg·L −1 being found for the freshwater bluegill sunfish (L. macrochirus) and the rainbow trout (Oncorhynchus mykiss), respectively, in 96-h assays and 138 mg·L −1 for G. affinis at 48 h [40, 41] . For KH 2 PO 4 data found in this study (Table 5) , B. glabrata showed toxicity data inside the confidence limit that other species had to H 3 PO 4 , but D. rerio showed higher tolerance to KH 2 PO 4 .
Based on the results of our study for the KH 2 PO 4 presented in Table 5 , and the ones found in the literature, it can be noted that the phosphate present in Na 2 HPO 4 , NaH 2 PO 4 , CaHPO 4 , Ca(H 2 PO 4 ) 2 , and Ca 3 (PO 4 ) 2 is less toxic than that present in KH 2 PO 4 and H 3 PO 4 when only acute toxicity data are analyzed. However, it is worth noting that data from chronic toxicity to O. mykiss shown by Satoh et al. [48] showed the opposite of those found for acute toxicity. In the latter, the mortality was higher in sodium phosphate and potassium phosphate in the long-term, and the survival was higher in phosphoric acid and calcium phosphate, but with growth reduced in the latter one.
It is emphasized that for all of the ecotoxicological tests compared here, the differences in the toxicity observed may not only be related to the substance or the compound itself, but also to the life stage of the organism used in the assay. It is known that younger organisms tend to be more susceptible than adult organisms [23] . Given the results presented here, it can be concluded that the fertilizers KCl, KNO 3 , and urea have toxic effects on B. glabrata and D. rerio, with the zebrafish being more susceptible to KCl present in fertilizer and the snail to the other compounds. In the present study, it was only possible to establish a difference between the toxicity to the snail of CF and of CR.
Conclusions
Faced with the data presented, it can be concluded that KCl, KNO 3 , and urea fertilizers have acute toxic effects on B. glabrata and D. rerio. The fish is more susceptible to KCl as a commercial fertilizer (CF), and the snail to KNO 3 and to urea, both as a chemical reagent (CR). Regarding the superphosphate, significant toxicity values were not found.
Within the presented data, it was possible to conclude that among the CRs, the most toxic was potassium phosphate (KH 2 PO 4 ) to the snail and potassium chloride (KCl) to the fish; urea was the least toxic for both organisms. Among the commercial fertilizers (CFs), KNO 3 was more toxic to Biomphalaria glabrata snails, and again KCl was more toxic for the fish Danio rerio. Once again, urea was the least toxic CF for both organisms.
It was not possible to establish the most sensitive species, since in some cases one species was more susceptible to a CF and another to CR, This was the case for KCI, where the fish was more susceptible to the CF and the snail to the CR, while for KNO 3 the opposite was observed.
